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SCIERTIFIC RESULTS AND PROGRESS DURING THE PAST 12 HMONTHS

THEORETICAL

The main theoretical results of our past year's wvork is con-
tained in the paper with T.Tsai, *Time Dependent Pﬁlse An-~-
plification in a Three level Gas'. The abstract is given

belovw.

->7The time dependent density matrix equations have been so6lved
in conjunction with the field amplitude equations for a
three level optically pumped gas. The solutions are valid
in the limit in which the pumping pulse is 1lenger than the
dephasing time of <the system and true coherent effects may
be neglected. It is assumed that the FIR field is smaller
than the pump field, and saturation effects associated with
this field are absent. In the limit in which tke pump pulse
is resonant, particularly simple results for the FIR field
amplification may be obtained. The solutions exhibit the
dependence of the FIR output pulse on the shape of the input
pulse. Further, as a consegquence of non-linear saturation
effects on the fFump Fulse transition, the PIR pulse is ini-
tialy created with tvo peaks, one associated with the lead-
ing edge and one with the trailing edge of the ponmp pulse.
As amplification on the PIR tramsition and pump absorption
increase, these two peaks merge.<—

Enclosed is a copy of the paper that has been forwarded to

the IEEE Journal of Quantum Electronics.

EXPERIMENTAL

Experimental work over the past year has been concerned with
the detailed measurement of breakdown characteristics of ar-
gon gas. It had been hoped that by measuring the time de-

pendennce of the breakdown in a gas, that certain ‘'finger-

prints® would appear that independent of the statistical
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nature of laser induced gas btreakdown. Several interesting .

aspects of laser induced gas breakdown were observed, some

of which vere not reported previously in the literature, and
it vas learned that the only characteristic we could isolate

that did not vary statistically, was the slope of beanm at-

tenvating plasma as a function of pressure. It had teen

hoped that this pressure dependence would be sensitive

enough for this technigque ¢to be enployed as a diaénostic

tool; however, this dces not appear to be the case, In agd-

dition to obtaining the first laser induced gas breakdcwn in

argon in vwhich the temporal behavior of the breakdown was

monitored, this was done with a single mode laser so that a

more accurate value of threshold could te obtained. These

results are being prepared for publication in the Journal of

Applied Physics. In addition, vwe have discovered a rela-

tively simple method to measure the divergence arngle of a

carton dioxide laser beam using burn patterns on uncoated

high speed polaroid film. This depends upon the existence

of a gaussian beam, and upon the distinct two level sensi-

tivity of the film to the burn pattern. We hope to prepare

these useful results in a note.

PREVIOUS ACCOMPLISHMENTS
Previous accomplishments have been associated with the de-
and

velopement of kinetic eguations for polyatomic gases,

the solution of various boundary value problems of specific

.............
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relevance to the space prograne. More recent work has teen i
concerned with the interaction of radiation and gases in a 1
three level system, and equations have been derived from the

density matrix that are rate equations retaining nonlirear

- TV

pover broadening and multiphoton effects. These equations
have been solved in the case in which the pumping field is
stronger than the FIR field, and such solutions should be of

interest to experimentalists concerned with the optimization

rdatedad ol e

of of FIR optically pumped lasers.

- VI

PUBLICATIONS

1. Tine Dependent Pulse Amplification in a Three level Gas,

with T.Tsai, submitted to IEEE J. Quant. Electron.
OTHER SOURCES OF SUPPORT
During the past year, support was solely through the Air

Force Office of Scientific Research.

PERSONNEL

1. Professor T.F. Morse, Division of Engineering, Brown
University, Principal Investigator.

2. Eugene Potkay, graduate student engaged in the experimen-
tal part of the project. He has conpleted his dissertation
and is employed at Western Electric. !

3. T. Tsai, graduate student, completed his dissertation and
is presently emplcyed in a consulting firm in the Washington
area. : :
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Time Dependent Pulse Amplification in a Three LevelvGas
by
Tsunag-Ming Tsai and T.F. Morse ;

Division of Engineering, Brown Universitv,

Providence, R.I. 02912
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ABSTRACT

The density matrix eguations have been solved in conijunc-
tion with the time devendent field amplitude equations for a
three Jlevel opticallv pumped gas. The solutions are valid
in the limit in which the pumping pulse is longer than the
devhasing time of the system and true coherence effects may
he neglected. 1In order to obtain closed form solutions, it
is assumed that the FIR field is smaller than the pump field
and saturation effects associated with this field are ah-
sent. When the pump pulse is resonant with the absorbhing
FIR transition, particular1§ simple solutions for the time
dependent FIR field amplification are obtained. These solu-
tions exhibit the specific dependence of the FIR output
pulse on the shape of the input pulse and AQisplay certain

pulse narrowing features.




1. INTRODUCTION

There has been much recent interest in hoth experimental
as well as theoretical! studies of opticallv pumped gas laser
systems, with particular emphasis on FIR wavelengths.l~13 an
excellent review is presented in reference 1l4. Many of
these svsiems operate most efficiently in the pulsed mode
and our analysis will be restricted to a fuller understand-
ing of the nature of the transient response of such systems,
as perhaps bhest typified by the CH,F system pumped with a CO3
laser. The phvsical model we use is that of the three level
atom or molecule that has been extensivelv investigat-
ed,15-18

The basic framework of this description of transient he-
havior in an opticallv pumped gas, is that of the density
matrix equations in the limit in which the time characteris-
tic of the pumping pulse is longer than the relaxation times
of the FIR svstem. In essence, we are examining the tran-
sient solution to the equations presented in references 2
and 22. Our formulation of the appropriate equations in no
way introduces anv new physical component; however, the con-
venient form in which thev are cast permits us to obtain new
solutions for the time dependent behavior of optically
pumped systems. In that which follows, we shall restrict
our attention solelv to homogeneously broadened svstems.

With regard to earlier solutions ohtained for the tran-

sient behavior of optically pumped three level svstems, we
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note that orevious authors have postulated phenomenological
rate equations that omit certain essential aspects of

“these svstems.3:5-9 The features often negleéted in
these descriptions are associated with non-linear power
broadening on both the pump and the FIR fields, and the mul-
tiphoton or Raman effects that may bhe present. These latter
transitions are important for the case of off resonant pump-
ing of FIR svstems, especially since pump detunina offers
the possibility of tunahilitvy of FIR freguencies over a
fairly wide range of wavelengths.18-20 golutions to simpli-
fied versions of three 1level rate equations that neglect
these effects can vield prover results onlv in certain lim-

its.

In the following section we brieflv develop the eauations
used, and in section 3 we present our general solution. In
section 4, certain asymptotic limits are discussed, and a

comparison with some experimental results is made.

2. THREE LEVEL RATE EQUATIONS

2.1 NON-LINEAR RATE EQUATIONS

From the densitv matrix eaquations we mav properly derive
rate equations that retain important power broadening terms
and multiphoton effects necessarv for a description of the

amplification of an optically driven FIR pulse.l4-15 fThe re-

striction in this derivation is that the pump pulse be long-
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er than the dephasing time of the svystem, so that we mav re- :
gard all of the off diagonal terms of the density matrix as 4
synchronized to the instantaneous value of the electromag-
netic field.22 Thus, a complete rate equation description is
appropriate in all situations in which true coherence ef-

fects are abhsent. A schematic of the physical system we

wish to analvze is shown in figure 1, and a description of
the Adetuning varameters is given in fiqure 2. The actual
system we wish to describe is naturally richer in detail
schematically
than the three level model we emplov, and figqure 3Aillus-
trates some of the true complexities of a typical FIR sys-
tem. These problems will be discussed below when we calcu-
late physical parameters to make comparison with some
experimental results. The consequences of averaging over M

and K levels have been quantitativelv discussed in a steadv

state analysis.®

On a time scale longer than the true coherence time of
the particle internal states, the nature of the interaction
between radiation and matter may properly be described by an

appropriate line shape function, Q. This contains informa-

3
4
4
p
4
1
9
1

tion on the response of the system to resonant and near re-

P sonant radiation and mavy incorporate important nonlinear

B id o d o,

broadening effects and multiphoton transitions. In this
- limit, the densitv matrix equations, or rather the equations
‘ for particle number difference, reduce to the following. We
ﬁ’ have assumgd that the total number of particles in states 1,

2 and 3 is constant.
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Relaxation coefficients Yij are presented in Appendix 1,

Lig = Pii - P55, and r%;4 is the equilibrium state differ-
ence pooulation. The complex line shave function 0 is re-

lated to the susceptibilitv in the following manner.

X(wy) Reg | 0,2 ?

32 (2)

13 3

The Rabi frequency is given in terms of the electromagnetic

field, Bii = uiﬁEiﬁ/ﬁ, and standard notation of reference

1 is emplovyed. The equations for the pump and FIR field am-

plitudes are

2 2 " 2
[ . B32 | YB3z 2w X"(-wg) O | B3,
— 4+ C 27 = - + (3)
ot _"'] 2 2 " 2
B3 Y 83 0 20 X'(w) | By

where Y5 and Y, are phenomenological loss terms. Sponta-

neous emission is neglected. It mav be incorporated in our

solutions as an initial condition on the FIR field intensi-

tv. The equations for pump ( ¢p) and FIR phase ( ¢5) are

2 S0 et Zurams g
Lot

then given by the following.

? ¢s _ w X ('ws)
'5-t_+cg'°v - X'( ) (4)
® “upt p

where X and X" refer, respectivelv, to the real and im-
aginary varts of the complex susceptibility. These expres-

sions are algehraically quite involved when presented in
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terms of the line shape function (Appendix 1) and equation
2. To simplifv these relations, we proceed as follows.
Noting the detuning parameters of fiqure 2, we introduce in
Appendix 2 and in fiqure 4, complex detuning parameters that
permit the collisional dephasing frequencies Yii and the
FIR and pump field detuning to be combined as comolex val-

ves. We now define saturation parameters that are devendent

upon detuning as well as uvpon collisional parameters.
* 2
I =e¢h 2
s = Soh Cloyz )0 /uy, (5)
* 2 2
I =
D Edﬁ C(a32 alz)/u13
where L
= (v2 2, 1/2
asz (732 + 87 )
Qa

1/2 (6)

_ 2 2
13 = (713 + Gp)
= (v2 2

alz (le + [65 - Gp] ) 1/2
With these quantities, dimensionless pump and FIR field in-

tensities may be introduced.
2 . -
- - I 2 _
S = 83/%13 %12 1J/14 P= 8] ag, @, = Ip/Ip 7

The complex line shapve function O mav now be written in a
more compact form as follows.

1o - 655) p

. e - 0p3)

a—l
32

0

0

-1
%3

S+e

S P
with & =el?® 4 ei%;54+ eld;,, From figure 4 we see that ¢

is the sum of the three detuning angles, ¢ = ¢:13 + 8, and

O = ¢35 + 2.




'vv"'; A
- ‘¢'-.l...-“

¢

A v*'v-'il"'v'v

. R e
. et e

»

We now are ahle to write the population difference equa-

tions as follows.

-~ = [o)
3 | T2 _ |12 ||Ts2 7 T3
ot >3 _ 0
13 Y3 Y4 [[F13 ~ 13
ses + et (¢ - 9330
Re —

SP P(P

13 %12

) 4u13 a12 -2a
gm0 |
|(9)
SP r32 u%é
et gyl e el

The equations for the FIR and pump intensities and phases

are given as

S S -2w u2
[ 3 ] \E ) 2w ug, 0

- + C Z’V = - +
at R YpP he, 0 2w .1l
P ©12¥)3
S(S + ei(¢ - ¢32) -1
1 ( 27) S T3 %35
Red (6 - ¢..) ]
S p 1 - -
) PP + e 137) Tis 0%

2
3 *s e
I g_-z} T e 2
€
) ° 0 -wphys
S + ei(¢ = ¢32) P -1
m 1 T3z %3
m K .

. . -1
S P Vo e1(¢ - ¢13) r13 313

(10)

N

(11

Fauations 9-11 must bhe solved with initial conditions speci-

fied on the state densitv differences and the input pump

pulse shavpe.

field to bhe either background black bhody radiation,

e mta A im At alatataTa)a -

Cmiatatal

We mav take the initial conditions on the FIR

or a
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weak FIR pulse that we wish to amplifv. These equations are
still formidable and nonlinear, and it will be necessary to
consider solutions in the limit in which saturations effects
on the FIR pulse mav be neglected. This is done in the fol-

lJowing section.

2,2 RATE EQUATIONS FOR S/P << 1

To proceed further toward our aoal of a solution with a
relative degree of analytical simplicity, it is necessary to
make one additiona) assumption of significance; i.e., that
the ratio of the dimensionless FIR field to the dimension-

less pump field is small, S/P << 1, where

. 62)1/2 _ (12)

Tvpical values are i3 = .05 D, and Y32 = 1 D, so that if

we sSet an upper limit of S/P = .1, we have then the re-

striction that I /1 < 2.5 x 10~4. This ratio can be larger

for &§_ > &

D s+ Since P decreases as S increases, this de-

scription will rigorously hold only for certain lenaqths of
amplifier. For lengths such that saturation in the FIR
field plavs a role, our results . may be only qualita-
tive. With this additiona)l linearization of the FIR field,
equations 9-11 hecome » _

D r o m oy (T - T) - V(T - 105

EY a7 IS L ¥ R 7 2{T13 ~ N13

~2a,.a..,(r. ./a..) P cos ¢
3271213 713 13 (13)
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= _ . B (°]
T3 Y3(T35 - T3p) - vu(r)5 - 175)

4a32%)2(T 372 3) P cos ¢, (14)

P cos ¢, * €O ¢32)(r32/a32)
p2

+ 2Pcos 8 +1

] 2
3 S=- Yo S - 2(u32ms/‘l‘i eoC)

-

P2 cos 013 + P cos ¢ (15)

(r /a ) S
P2+2Pcose+1 13

3P 2
== YPP + 2(u13wp/ﬁ EOC) (r13/a13) P cos ¢;4 (16)
2 (P sin ¢ - sin ¢..)
az_s (usz /he O ~ - (r3;/93,)
+ 2P cos 6 + 1 ‘
, (17)
(P° sin ¢,, + P sin ¢)
- 15/e8)( /
P" + 2Pcos 68 + 1 /
3¢ 2 s
7 = (gep/Re 0 (rygfa;p) sin 4y (18)

The equations are wvalid for large P when saturation and
multiphoton effects Aominate the solution for S. In the
limit of small P, the eaquation for S takes on the same form

as the equation for P. We note that as a consequence of re-




tainina power broadening only on the pump line that all
equations (exceot the equation for the FIR field) are inde-
pendent of S. This is a natural consecquence of our l:,\egle'ct
of FIR saturation effects. We have also made a standard
transformation to a retarded time variable, T= ¢t - z/¢c and
have neglected diffusion effects in the equation for state
densitv differences. Eaquations 13-14 are rate eduations
that retain nonlinear power broadening effects associ'ated
with the pump pulse as well as contributions from multipho-
ton processes. In that which follows, we shall obtain solu-

tions to equations 13-18 in appropriate limits.

3. SOLUTION OF THE EQUATIONS
Prior to considering a solution for the pump amplitude
and phase, which is the key to the solution to our svstem of
equations, we introduce the following complex transfer func-

tions whose use simplifies the FIR and opump equations.

AT - A0 5 In BRI e (1) - 4000 (g

-1 S(z,1) :
AS(Z.T) - AS(O,T) =z 1n 57)_,?_) - i [¢5(2:T) - ¢s(°o1')] (20)

With these relations, equations 15-18 may be written more compactly
as follows.

% p et %13 -
3z |- 2t °%N13° (21)
T
i4), -i¢
aAs ) -Ys i °2r32e 12 _ °3r13e 13 ]
2z 2 P+ e16 P s e1e (22)
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The three absorption cross sections o,, %5, and 93, are
defined in Appendix 2. 1In order to integrate equation 21,
it is necessarv to solve for ry3. To facilitate this, Qe
assume that all of the Ty times are equal, and that all of
the T, times are equal. Thus, as can be seen from Appendix

14

1, Yll = Y22 = Y33 = 1/1‘1' 72 = 74 =0 ; = ;1 = ;3 l/Tl- Further

y = -4((132012 cos ¢12/a13) - 4/T2 (23)

where T, js the collisional dephasing time.
At this point, it is convenient to define ¢ , a pump
pulse area that retains the effects of collisional deactivi-

ation.

T -
o = j e YT - Yp(s,t)vae
—co ’ (24)
If we now, in addition, define a densitvy function P such

that
?®

‘r -
- -v(t - t) =
. P = I e : rlzPydt = j rlsdo

L . (25)

then equations 13 and 14 take on extremelv simple forms.

ar
32 > e 3¢° Y . (26)
37t Yf3p = YT ¢ 7 TP
or
13 - -0 _
el TR A TR LT (27)

These mav be formallv integrated to yielqd,

0
T,, =T, +p/2 .
32 32 (28)

- 10 -




13~ 13 (29)

When these results are substituted into equations 21 and 22,
we mav inteqrate to obtain the following exoressions.
(]

-i o i
ITy3e ¢132_°1J pel®3 [a_z_] de (30)
0 )t

Ap(z,r) - Ap(o,r) =0

. -y z - o Py i¢ 3
AS(Z,T) - As(o,-r) = 5 °2 [ ¢ [r32 + 2]e 12 [ﬁL d@l
2 Y x 1
o P+ oif

-0g ]¢ [x°. - 0] Pe_i¢13 3z
’ ¢O 13 . ele l?&JT d¢

(31

Equation 30 and 31 are formal results. Not onlv must we ob-
tain ¢ and (3¢ / 3z), as functions of ¢ to perform the
integration, we must somehow obtain ¢ as a function of the
pump pulse P, or, equivalently, P = P(%). 1In order to pro~-
ceed further, we make the additional assumption that the
cavity loss parameter for the pump pulse, Yo, may be neg-
lected. Multiplving equation 16 by e-7 (1 -t) ang inteqrat-

ing, we find that
—_— s -0p
az)r (32)

where ¢ =.-2 0) cOs ¢, This permits the inteqration of

equati-n 30,

.p(Z,T) - Ap(O.T) = zr? e'i¢13 + (ol/o)e-i¢13 ¢ - 00)

o
1371 (33)
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We now mav sevarate the real and imaginary parts of the
above solution to obtain the pump amplitude and phase as

functions of position and ¢ .

2u2 w Tz cos2
13 “pT13 %13

P(z,7) _ (34)
B IO e c A
f0o M3
(35)
- 2 o .
¢p(Z.T) - ¢p(O,T) = - (ulsmprlsz/‘ﬁ €Ly ) sin ¢, cos 615 * % (8,-®)tan ¢, 4

Equations 34 and 35 revresent a solution to the behavior of

the pump pulse if ¢ = ¢(P) 1is known. As previously indi-

cated, we will examine this relationship in the 1limit in
which the time characterizing the pump pulse half width is

longer than either the T; or T, relaxation times. This ap-

proximation corresponds to many optically pumped FIR laser
systems pumped by a CO, TEA laser.

For the case in which T /v, >> 1, we may take the limit

in which ¥ becomes large. Thus, the exponential in equa-
tion 24 mavy he replaced by a ¢ function, and

4T

Y 2
From equation 34, we obhtain the following result.
o L
P/Po =e 13 expE-\.? (Po - )_l (37)

- 12 -
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This simple ecquation defines the spatial and temporal varia-
tion of the pump pulse as a function of the cross section

6, the initial state Adensities r°13' and the ratio-of re-

v v €« ¥ v ¥ g BERCE I S S
PR ORI RE A ST e
PRI I B B . KON

}axation times 4T1/T2, or eaquivalently, Y /Y. The depen-

dence of P upon the retarded time appears onlv through
P,(0, T), the initial condition on the pump pulse. Equation
37 will be compared with some exoverimental results below.
The solution for P( ¢) to be substituted into our exoression
for the FIR field is aiven hv equation 36, The remaining
quantitv to be determined in order to he able to integrate
ecquation 31 is P (®)., We note the singular nature of the
limit in which ¥ becomes larqe by writing equation 27 in

the following manner.

ar
13 vl . _: -2y - P
[ 3¢ )z [ at ]z =-Y (3 - T3 - s (38)

Differentatinag eauation 24 with respect to T, and subhsti-

tuting into the above relation, we find

ar13

- he (o]
(Py-v ¢ 33 ],' “v(ry3 - Tyz) - P (39

In the limit of large ¥, the left hand side of equation 39
vanishes, and we ohtain an alaebraic dependence ¢of P upon
¢ . This merelv indicates the limit in which, for the oump-

ing pulse lonager than the relaxation times of the svstem,

!
\
3
N
1
¥
:

the state densities respond instantaneously to chanaes in

the value of the pump field. Thus,

s a SAWR p It

3= 00 e =erd/a .y (40)
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We now have the relations for P(¢), (¢ ), and ri3(¢) to
be substituted into equation 31. The inteqrations may now

be explicitly carried out.

. -, N .
A A =ots® H3a¥s %13 ez oy ity [1n Pt ei?
s o0 2 92 cos ¢ a3y 2 Y " P+ ef
13'p 13 |_ _ )
(41)

Resolving equation 41 into real and imaginary components, we

obtain solutions for the FIR intensity and phase.

uz w x2 +1
1n S(z,1) =-Ygz + gz S (a + 1) 1 ln[ 9 ]

S(o0,1) 2o 2 M7, (42)
u.'2’>2ms -1 % T X
tog o (atan gy - tan gy tan Tk
u13mp
uz w X - X
_ 1 732% -1 (%o
¢5(2,7) - ¢5(0,7) = §'u2 N (a +1) tan [1 + xox)
13“p ) (43)
Uz x< + 1
1 "327s 0
Tag @, -t g dn [xz . 1]
137p
‘where
_ P +cos 8
T T sin e (44)

y 813 €05 417

o a=-L —=
o 2Y @32 cos ¢33
) These solutions have required the following assumptions.

!! l. The pumoing pulse T, js longer than either of the relax-

ation times Ty or T;. 2. The cavity losses on the pump

- 14 -

- pulse, Yn, have been neqlected. 3. The total population of
‘h the three states has heen taken as constant. 4. We have as-
r'_‘..

‘;,

.
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sumed that saturation effects on the FIR field may be neg-
lected, i.e. S/P << )1, S5, Onlv homogeneous broadening is
considered. 6. We have also neqlected r93,/r9y3,

| These equations represenﬁ the response of a three level
system to an arhitrarv pump pulse, subject to the assump- i
tions -dust noted. An extremely simple form results for
those conditions in which detuning on bhoth fields is absent.

4
This will be discussed in the following section. !
4. ASYMPTOTIC LIMITS AND COMPARISON WITH EXPERIMENT

4.1 ASYMPTOTIC LIMITS

We first consider the hehavior of the pump pulse in terms

of a more convenient parameter, the absorption, which is de-

Lah ot A ALl

fined as follows.

A(z,7) = 1 - P(z,T)/P, (45)

CatBER A . xa

and a dimensionless ahsorption length,

S

0
= or 2 6
g=o0 13 (46)

We mav now write equation 37 as follows.

B = ¢°A - In(l - A) (47)

« 4.8 hiirana srandasdlR Ba) 0

Thus, the ahsorotion of the pumping pulse may be expressed
as A(B ,% ). This dependence is shown in fiqure 5. It is

to be noted that the ahsorption is anly a function of the I

- 15 -
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initial wvalue of the pump pulse, which is in itself a func-
tion of the retarded time, and the dimensionless ahsorption
length 8 . We will see below that this simple resuit com-
pares well with experiment. Consider now the FIR field in-
tensity as given bv equation 42. The algebraic complexity
of this result indicates that it is perhaps of value to ex-

amine the case in which there is zero detuning i.e., 65 =

§, = 0. Thus, ¢35 = %3 = ¢, =1 , 6=2r , and our
result for the solution of the FIR field intensitv is given

as €follows.

yn

I TP +1
S .S _ vz | o
Iso So P+1
- - (48)
where u2 "
Fe E
H mp (49)

We note from eauation 48 that for P, >> 1, {f P bhecomes

small, that I /1. -(Po(t))* . A typical value of ¢ would
be of the order of ten, so that for these conditions, there
is a considerable steepening or compression of the FIR
pulse.

We may also define a reduced FIR again coefficient in

terms of pumo absorption A, P,  the initial pump pulse, and

1 5 1/¢
S e's 1 - [(—2—
ISO [po + 1
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and this is presented in figure 6. Thus, we haveian ex-
tremely simple result for the growth of the FIR intensity
that parametrically Aepends uoon the amount of pump power
absorbed. If we then consider the situation of strong pump-

ing, P >> 1, then we find

n =% (51

For A =1, our results are invalid, since at this point the

assumption of weak saturation on the FIR transition will

have heen violated.

We note, however, that not onlv B but Py (or %) and A
are dependent uoon pressure. For the case of the homogene-
ously broadened pumping pulse considered in the present
analvsis, ©9r% 3, the absorption coefficient of equation 46
is proportional to pressure. It is therefore convenient to
define a new parameter € that is independent of pressure,
but proportional to pump input power and cavity length.

With ¢

B¢, we may write egation 47 as A = A(¢,8), and
curves of constant € correspond to curves of fixed cavity
length, and a fixed pumping power. The variation of pump
ahsorption with pressure occurs only through the pressure
dependence of the dimensionless_abso;ption length B8 . See

figure 7. We mav also use equations 47 and 50 to obtain a

relatinn for n = n(A,c ).
n:-l«; A
1 -A+ % (An@a - A2 + 4eA - 1nQ1 - A)) (52)

-17 -
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This relation is presented in figure 8. Curves of constant

€ are independent of pressure, and the reduced FIR gain
coefficient is conveniently given in terms of € and the ab-
sorption A. We see from figure 8 that at low values of R
corresponding to low input power or short cavities, there is
a broad maximum in the FIR gain coefficient with respect to B
absorption. This maximum shifts toward higher values of the
absorption as caQity length or input power are inéreqsed.

We should also note, that for very high values of absorp-

tion, our results can not be expected to provide quantita-
tive agreement with experiment, since the restriction that

S/P << 1 will have been violated.

4.2 COMPARISON WITH EXPERIMENT

In order to obtain a comparison with experiment it is
necessary to obtain values for r°13 and ¢ that correspond

to a specific opticaly pumped system. We consider the 496

‘1
i
|
|
"

wm FIR CH3r laser pumped by the P(20) 9.55 m CO3p

line.24-29 saturation absorption of this line has been meas-

aae s

ured by Temkin, et. al. 30 and the FIR gain by Brown, et.

al.3l The CO, pumping pulse in the experiments have a typi- :

cal length of 100 nanoseconds (FWHM) and the relaxation times i

are approximately 10 nanoseconds/p, where p is the pressure %

in torr. These conditions are consistent with the assump- .5

tions made in obtaining our solutions. We shall now assume ii
R

that T, =Ty = 1/ Y33 = 1/ Y55, To calculate the value of

- 18 - )
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the absorption cross section for the pumping pulse, we note

that,

22(»
H13“p"13
- 2+52)
eo‘ﬂC(Yl3 P (53)

where v,3 characterizes the homogeneous linewidth of the

pumping pulse

8 co. - 2 GHz, and

2

. [r . sec.t
3 /1 A\)coz = 4.26 x 107 sec. (54)

The remaining quantity to be determined in order to obtain
an absorption cross section, is an average dipole moment for
CHJF for the transition of interest. Since our simplified
model encompasses only three levels, it is necessary to sum
over the M and K quantum levels in an appropriate fashion.
This calculation is outlined in Appendix III, and we obtain
a value of < u,.> = ,00213 D, to be substituted into equa-
tion 53. With this result, the average of the cross section
is given as o = 1.67 x 10719 cm™2 The initial state densi-
ty of those particles interacting with the pump pulse is
calculated to be r9 3 = 3,22 x 1016 p cm=3/ where again, p
is the pressure in torr. Thus the total absorption cross

section is given by or.,= 5.38 x 1073 p cm~l. These values

(o]
13
for the state density are taken at a temperature of 300 K.

The dimensionless intensity, or initial pulse area is given

as follows,

0 1, 2 ] = (55)
° Y Y33 ‘p
- 19 -
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However, the total decay rates of level 1 and level 3 are
the summations of contributions from all active sublevels

weighted by the Boltzmann factor, thus, we must sum

Y),=17 ¢ =
11 Y = f
KN JKMTIKM / T

where f;ry is the statistical weight of the sublevels. We

calculate an effective Boltzmann constant £ - .1118. Thus

for T; = 10 x 10™9 sec/p, Y37 = 1.118 x 107 sec/p and for

the parameters calculated above, we find that °° = 1.44 x

10-6I°/p, where I, is the intensity in watts/cm2, and p the
pressure in torr. From equation 49, with 13 T .05 D,
Y320 = 1 D, we find the value of £ to be 24.

With a pump pulse of .5 J and a FWHM of 100 nanoseconds,
we see, using equations 46 and 47 , a comparison of experi-
ment and theory. This is presented in figures 9 and 10
along with the numerical results calculated by Pichamuthu
and Sinha.® Thus, equation 47 seems an adequate prediction
of the behavior of optical absorption by a pumping pulse,
and only two parameters need be obtained to produce a satis-
factory agreement with experiment. The curves in figures 9
and 10 were obtained by utilizing the fact that ¢ is pro-
portional to pressure, and that % is inversely proportional
to pressure. From equation 49, we calculate the value of &
to be 24 . Further, once having obtained the value of

the absorption and 8¢ we may'compéte the reduced gain

o [
coefficient, equation 52, with the experiments of Brown, et.

al.3l, a slightly different value of the absorption coeffi-

- 20 -

P R ST T . PR W GPUPI W S G A PO WPV G | = P atndhmnadie

T T —— T T R T —

A

ol i

| SN . SIS




cient was used for this comparison, IBr&S"o.13 = .003 p
e cm~1 and ®o = 3.5po. It is seen that agreement between the
theory presented here and the experimental results for FIR
gain is satisfactory. The close correlation with the éxper-
iment for A ~ 1 perhaps indicates that for these low values
of the FIR reduced gain coefficient, that saturation effects

do not play a dominant role,

5. SUMMARY
In the limit in which the pumping pulse is long compared
with the longitudinal and transverse relaxation times of an
optically pumped system, we have obtained time dependent so-
lutions for the absorption of an optical pumping pulse and
the subsequent generation of an FIR pulse. The solution for

the absorption is particularly simple, and seems to compare

well with several sets of experiments. The absorption de-
pends only upon an effective absorption coefficient, and, in
a highly nonlinear manner, upon the initial shape of the
pumping pulse. Since we have neglected saturation effects
on the FIR wavelength, the pumping pulse is not influenced
by the presence of the FIR pulse. This can only be true for
certain values of the absorption or certain lengths of am-
plifier. The solution for the pumping pulse permits a solu-
tion of the response of the FIR system, and by recasting the
equations for FIR field intensity, phase, and population

density differences in a particularly convenient form, it

- 21 -
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has been possible to solve this system of equations paramet-
rically in terms of the pumping pulse solution. The FIR
f;eld solution depends upon a host of molecular parametets,
upon the behavior of the input pumping pulse, and upon the
pumping absorption coefficient. It also depends in a com-
plicated manner, upon the detuning parameters of the system
for both the pump and the FIR signal fields. 1In the limit
in which detuning may be neglected, particularly simple re-
sults may be obtained for this complicated system, and these
results have been shown to compare favorably with some ex-
periments. The simple analytical form shows the specific
role that the initial pumping pulse can have in the shaping

of the FIR field intensity, and illustrates how this depen-

dence can lead to pulse narrowing effects as the FIR field

intensity grows.

4
6. ACKNOWLEDGEMENTS T
This research was supported by the Air Force Office of

Scientific Research under Grant No. AF0OSR-79-0052.

X
!

Y .

- 22 -




10.

11.

12.

13.

14,

15.

« 7 T L. R W R, el L 2. L - .{

REFERENCES

R. J. Temkin, Theory of Optically Pumped Submillimeter Lasers, IEEE J.
Quant Electron., Vol. QE-13, No. 6, p. 450, 1977.

R. L. Panock and R. J. Temkin, Interaction of Two Laser Fields with a
Three-level Molecular System, IEEE J. Quant. Electron., Vol. QE-13,
p- 425, 1977. ’

J. 0. Henningsen and H. G. Jensen, The Optically Pumped Far-Infrared
Laser: Rate Equations and Diagnostic Experiments, IEEE J. Quant. Electron.,
Vol. QE-11, No. 6, p. 248, 1975.

J. R. Tucker, Absorption Saturation and gain in Pulsed CH F Lasers, Optics
Commun., Vol. 16, p. 204, 1976.

R. J. Temkin and D. R‘ Cohn, Rate Equations for an Optically Pumped, Far-
Infrared Laser, Optics Commun., Vol. 16, No. 2, 1976.

J. P. Pichamuthu and U. N. Sinha, Rate Analysis of the Pulsed Colinearly
Pumped Far-Infrared Amplifier, IEEE J. Quant. Electron, Vol. QE-15, p.
501, 1979.

J. P. Pichamuthu and U. N. Sinha, Saturable Absorption of CO,-Laser Radia-
tion by ChzF, Optics Commun., Vol. 24, p. 195, 1978.

T. Y. Chang and T. J. Bridges, Opt. Comm., Vol. 1, p. 423, 1970.

H. J. A. Bluyssen, R. E. McIntosh, A. F. von Etteger, and P. Wyder,
Pulsed Operation of an Optically Pumped Far-Infrared Molecular Laser,
IEEE J. Quant. Electron., Vol. QE-11, p. 34, 1975.

Zbigniew Drozdowics, R. J. Temkin, and B. Lax, Laser Pumped Molecular
Lasers-Part I: Theory, IEEE J. Quant. Electron., Vol. QE-15, No. 3,
1979.

Z. Drozdowicz, R. J. Temkin, and B. Lax, Laser Pumped Molecular Lasers,
Part II: Submillimeter Laser Experiments, IEEE J. Quant. Electron.,
Vol. QE-15, p. 865, 1979.

J. Heppener, C. O. Weiss, U. Huebner, and G. Schinn, Gain in CW Laser
Pumped FIR Laser Gases, IEEE J. Quant. Electon., Vol. QE-16, p. 392,
1980.

G. D. Willenberg, U. Huebner, and J. Heppner, Far-Infrared CW Lasing in
NHz, Optics Comm., Vol, 33, p. 193, 1980.

J. Heppner and U. Huebner, Gain saturation of CW Laser Pumped FIR Laser
Gases, IEEE J. Quant. Electron., QE-16, Oct. 1980.

T. A. DeTemple, Pulsed Optically Pumped Far Infrared Lasers, in Infrared

and Submillimeter Waves, edited by Kenneth J. Button, Academic Press
1979.

S ea e Mo M Ao B B




LAt R R

16.

17.

18.

190

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

L e L L. e M £ e, U S SN .

T. Yajima, Three-level Maser Action in a Gas, 1, Theory of Multiple Quan-
tum Transitions and Doppler Effects in the Three Level Gas Maser, J. Phys.
Soc. Japan, Vol. 16, pp. 1594-1604, Aug. 1961.

A. Javan, Theory of a Three Level Maser, Phys. Rev., Vol. 107, pp. 1597-
1589, Sept. 15, 1957.

I. M. Beterov and V. P. Chebotaev, Three Level Gas Systems and Their In-
teraction with Radiation, in Progress in Quantum Electronics, Vol. 3,
Part I, J. H. Sanders and S. Stenholm, Ed., Oxford, Pergamon Press, 1974.

S. J. Petuchowski, A. T. Rosenberger, and Thomas A. DeTemple, Stimulated
Raman Emission in Infrared Excited Gases, 1EEE J. Quant. Electron., Q.E.-
13, No. 6, 1977.

R. Frey, F. Pradere, and J. Ducuing, Tunable Far-Infrared Raman Genera-
tion, Optics Commun., Vol. 23, p. 65, Oct. 1977.

H. R. Fetterman, H. R. Schlossberg, and Jerry Waldman, Submillimeter
Waves Optically Pumped Off Resonance, Optics Commun., Vol. 6, No. 2,
p- 165, Oct. 1972.

T. Tsai and T. F. Morse, Rate Equations for a Three-Level System, IEEE J.
Quant. Electron., Vol. QE-15, p. 1334, 1979.

T. J. Mcllrath and J. L. Carlsten, Populating Excited States of Incoherent
Atoms using Coherent Light, Phys. Rev. A, Vol. 6, No. 3, p. 1091, Sept.
1972.

T. A. DeTemple and E. J. Danielewicz, Continuous Wave CHzF Waveguide
Laser at 496 um: Theory and Experiment, IEEE J. Quant. Electron., Vol.
QE-12, p. 40 1976.

T. K. Plant and T. A. DeTemple, Configurations for High-Power Pulsed ChsF
496-um Lasers, J. Appl. Phys., Vol. 47, p. 3042, 1976.

A. Semet and N. €. Luhman, Jr., High Power Narrow Line Pulsed 496 um Laser,
Appl. Phys. Lett., Vol. 28, p. 659, 1976.

D. E. Evans, L. E. Sharp, B. W. James, and W. A. Peebles, Far-Infrared
Superradiant Laser Action in Methyl Flouride, Appl. Phys. Lett., Vol. 26,
p.- 630, 1975.

L. E. Sharp, W. A. Peebles, B. W. James, and D. E. Evans, 10 KW Cavity
Operation of a Submillimeter CHSF Laser, Optics Commun., Vol. 14, p. 215,
1975.

Gerhard A. Koepf and Kenneth Smith, The CW-496 um Methylflouride Laser:
Review and Theoretical Predictions, IEEE J. Quant. Electron., Vol. QE-1l4,
No. 5, May 1978.

R. J. Temkin, D. R. Cohn, Z. Drozdowicz, Pumping and Emisision Character-

istics of a 4 kw, Submillimeter CH3F Laser, Optics Commun., Vol. 14, p.
314, 1975.

Cee - : K2y BT ER PP S S
- PRI AIEx h EOAL S - N TSI LY :




31.
32.

33.

F. Brown, P. D. Hislop and S. R. Kronheim, Characteristics of a Linearly
Pumped Laser Oscillator-Amplifier at 496 um, Appl. Phys. Lett., Vol. 654,
1976.

S. M. Freund, G. Duxbury, M. Romheld, J. T. Tiedje, and T. Qka, Laser
Stark Spectroscopy in the 10 um Region: The Bands of CHSF, J. Molec.
Spect., Vol. 52, p. 38, 1974.

C. H. Townes and A. L. Schawlow, Microwave Spectroscopy, New York, McGraw-
Hill, 19S5, Chap. 3.

- - oo a a P U Oy I WL - D e w
PP i WP G S S U - e




ReQ

with

ImQ =

Appendix I

The Ti are given as follows.

_ Y22 (v ¢ 2rgy)
Y11t Y22 * Y33

)

5. = Y221y - Y33)

3vpy * Yy t V33

the notation of Ref. 1, as follows.

(v 585 - Y326p)(65 -6

8
2 = ©
+
-8 D2 + D2
0 P 1 2
2 2
Y13 + Gp
-Y
32 0
2 . 62
Y32 s
1
+
2 2
o 13 by + D,
2 2
Y + §
13 p

p) - Y12(¥32"13

.. Y13 (¥55 - Yg3)
Y11 Y Y22 * V33

Y1y (Ya5 * 2Y33)
i1 °t

Y4

Y2 ¥ Y33

where Y55 is the total relaxation out of state ii.

The real and the imaginary parts of the line shape function Q, are given, in

D.a., + D,a
( 221 ; 2 . s DBufas
1
Y32+ 65 13 3
(bg - Dp,y) 6 g
D,B32823 2, 2 32°23
Y
13 %
(Dya; - Droo)
191 - D20 . D,8, 585
Ygp * 8 13731
D,8,.8 ®py * %) B8
1832823 2 . 2 32823
Y137 °p
*80p) Y3y B3y Ba3 - Yy3By383)
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Appendix 11

L“"“""

" A phasor diagram, (see Fig. 4), permits us to present the collisional

o dephasing Yij and the pump and field detuning as complex values. -
N 1
!l . ié. 3
" Aij 5 aije ij
. s 2L 2,172
3 azp = (3 + &)
t] _ .2 2.1/2
~ 013 = (Y13 + Gp)
= 2 2 .1/2
o2 = (I8 - 8517 + 7))

Detuning angles are given by

_ -1
3 = T - tan " (8./vg,)

. -1
¢13 = m + tan (Gp/yls)

=% - tan"1

(e, - Gp)/YIZ]

. . ;4 -‘ - .».. .
6
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Appendix III

To calculate a value of i3 that we use in our three level model, we
must appropriately average over all of the M and K sublevels -of the tran-
sitions that are capable of interacting with the pumping radiation. The single

narrow band absorption coefficient of each JKM sublevel is given as

[41r ] 2 v(A\)h/Z) ( (o] )
a = |——|u T
JKM cohc JKM [(A\)h/Z)Z . (v - Q(J,K))z ] 13" JKM

where Q(J,K) 1is the frequency of the Q branch transition (v3.= 1, J = 12, K)~»

(v3 = 0, J =12, k), and the individual dipole of each JKM sublevel is given by

u2 - w2k
JRM 3250042

2

Freund, et.al? has determined yu in the above equation to be 0.04686 D.

The difference density is related to the total vibrational

(o]
(r13) 50

state density difference through the Boltzmann factor,

[o]
(r130 5k
(o]
(r13)

fJKM

and, using the values for CH_F from reference 33, we calculate at 300 K that

3
f =0.1118.

Since each absorption coefficient «a is frequency dependent through

JKM
the Lorentzian lineshape, the total absorption will depend on the pump in-
tensity at that frequency. An average absorption coefficient (or‘;s)av will

be given by

0
(ory3)y, = % 5

I_(v)
Im ®KM. '%i;" dv




\\\\\\\\

..........

We assume the C02 TEA laser has a Gaussian spectral composition centered at

P(20), with a bandwidth (FWHM) of Avcoz = ZGHZ.

—_— 2

I_(v)

2 ) /8 Lo (182 v
o co co

2 2

where I = is the total intensity integrated over the spectral distribution

of the exciting C02 laser beam.

The homogeneous linewidth of each individual K sublevel is approximately
Avh = 40 p Miz, which is small compared with the carbon dioxide linewidth of
2 gigahertz. Therefore, each individual K sublevel may be considered to be
excited by a broadband pumping source. In the broadband pumping limit con-
sidered here, the Lorentzian appearing in the single narrow band absorption
coefficient behaves as a § function in the above integral over the Gaussian
frequency distribution of the pumping pulse intensity. The indicated integra-
tion may then be carried out. This permits the identification of the equiva-
lent level constants that must appear in equation 53.

2 12 N/
I xzexp-[[%‘—g) (QU,K) -P(zo)):}z

13 ke12 I JT D) A o,

When the values for fJKM’ J =12, ﬁ = .0469 D are substituted into the above

exnression, we find that Mg = 0.00213 D.
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Fig. 3. Schematic of three level system.
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